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In developing long bones, the growing cartilage and bone are surrounded by the fibrous perichondrium (PC) and periosteum (PO), respectively,
which provide cells for the appositional growth (i.e., growth in diameter) of these tissues. Also during the longitudinal growth of a bone, the
cartilage is continuously replaced by bony tissue, giving rise to the widely held assumption that the PC concomitantly gives rise to the PO. Except
for this morphological correlate, however, no evidence exists for a direct conversion of PC cells to PO cells, and our observations presented here
question this assumption. Instead, we have obtained evidence suggesting that a previously undescribed region exists between the PC and PO. This
region, termed the border region (BR), has several unique characteristics which distinguish it from either the PC or PO, including (1) its lack of
being determined to differentiate as either cartilage or bone, (2) its ability to preferentially elicit the invasion of blood vessels, and (3) its ability to
undergo preferential growth.
© 2006 Elsevier Inc. All rights reserved.Keywords: Perichondrium; Periosteum; Cartilage; Bone; Vascularization; Blood vessel; DifferentiationIntroduction
Limb development requires the precise spatial and temporal
regulation of the growth of skeletal elements (Schmid and
Linsenmayer, 1985). To ensure the correct rate of cartilage
elongation and its subsequent removal and replacement by bone
and marrow, coordinate regulation must occur at all stages of
cartilage and bone development, including chondrocyte pro-
liferation, maturation, and removal (Long and Linsenmayer,
1998; Nurminskaya et al., 1998), and the concomitant
progression of the bone collar. Perturbations in the regulation
of chondrocyte proliferation and/or hypertrophy can result in
either delayed or accelerated ossification, with both types of
abnormalities resulting in the same phenotype — eventual
shortening of bones, or dwarfism (reviewed in Cohen, 2002).
Developmentally, all long bones originate as cartilaginous
anlagen that subsequently undergo growth. Once the cartilage⁎ Corresponding author. Fax: +1 617 636 3676.
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doi:10.1016/j.ydbio.2006.07.043anlage is formed, it becomes surrounded by another connective
tissue, the perichondrium (PC). The cells of the PC have the
potential to differentiate as chondrocytes, thus participating in
thickening of the cartilage by appositional growth. For growth
in length, another process, termed endochondral bone forma-
tion, is involved. During this process chondrocytes undergo a
sequence of proliferation, maturation and hypertrophy (Long
and Linsenmayer, 1998; Chen et al., 1993; Howlett, 1979),
followed by cell death or possibly further differentiation into
osteoblast-like cells (Nurminskaya et al., 1998; Bianco et al.,
1998). This removal of chondrocytes along with invasion of the
cartilage by blood vessels leads to the formation of the marrow
cavity, and at the region of cartilage hypertrophy, a surrounding
sleeve of bone and a periosteum (PO) form. The cells of the PO
provide the osteoblasts for appositional growth of bone (Pathi et
al., 1999).
The standard function attributed to the PC and PO is to
contribute to the appositional growth of cartilage and bone
(Pathi et al., 1999; Bairati et al., 1996). Morphologically, both
the PC and the PO are composed of 2 layers. For the PC, the
inner layer (cambial) is positive for type IIA procollagen and is
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provides a structural role (Duynstee et al., 2002; Nah et al.,
2001). Likewise, for the PO, the inner layer is thought to contain
osteogenic progenitor cells (Lim et al., 2005; Youn et al., 2005;
Nakahara et al., 1990), and the outer layer is fibroblastic and
provides attachment of tendons and ligaments (Scott-Savage
and Hall, 1980).
In addition to appositional growth, recent studies have
suggested regulatory roles for the PC (and the PO) in controlling
the growth of cartilage. Studies on the Indian hedgehog/
parathyroid hormone-related peptide (Ihh/PTHrP) signaling
pathway (Lanske et al., 1996; Vortkamp et al., 1996) suggested
a model that contains a negative feedback loop, in which the
PC, in response to Ihh from prehypertrophic chondrocytes,
regulates cartilage growth. Intrigued by this model, we
performed a series of studies on the regulatory roles of the
PC, and the PO, on cartilage growth (Long and Linsenmayer,
1998). For this we (Long and Linsenmayer, 1998) devised an
organ culture assay system in which cartilage growth can be
compared in an intact long bone rudiment (in our case the
chicken tibiotarsus) versus a tibiotarsus from which the PC and
PO have been removed (PC/PO-free). Results using this assay
(Di Nino and Linsenmayer, 2003; Di Nino et al., 2001, 2002)
suggest that multiple, diffusible regulatory factors – both
positive and negative – are produced by the PC and the PO, and
that the interplay of these factors ensures the proper formation
of long bones.
As the growth of the underlying cartilage and bone is
regulated by the PC and PO – at least in part – the growth of the
overlying PC and PO must also be regulated so that the growth
of all of these components progresses coordinately. Studies
employing genetic manipulations have implicated Ihh in the
early formation of the PC (Colnot et al., 2005) and in the
subsequent ability of the presumptive PC to become osteogenic
(i.e., to become PO) (St-Jacques et al., 1999; Chung et al.,
2001). From morphological studies it is generally thought that
the PC differentiates into the PO (Scott-Savage and Hall, 1980;
Bairati et al., 1996), and that this correlates in some way with
the progression of the underlying bone collar and cartilage.
However, it is not known how – and even whether – PC cells
give rise to PO cells, as no definitive molecular markers
currently exist that can be utilized to identify these tissues and
their component cells (e.g., PC and PO). In the present study,
however, using experimental manipulations we have obtained
results suggesting that the direct conversion of PC to PO is
unlikely, and instead a region of undetermined tissue intervenes
between these two tissues, we have termed this the border
region (BR). In addition to being undetermined, other
observations suggest that the BR is a region of preferential
growth as compared to the PC and PO.
Another parameter that is required for development of a long
bone is vascularization. The initial vessels enter into a region,
presumed to be the PC, which is rich in VEGF receptors. This
region may, however, be the PO or BR, and the vessels
subsequently invade the hypertrophic cartilage (Zelzer et al.,
2002). In the present study, we have observed that in the later
skeleton (12-day tibiotarsus) it is the BR that is preferentiallyvascularized and also that this vascularization is necessary for
the preferential growth of this region.
Materials and methods
Tibiotarsal cultures
Organ cultures of isolated tibiotarsi were established as described
previously (Di Nino et al., 2001; Di Nino et al., 2002). Briefly, embryonic
day 12 (E12) chicken tibiotarsi were dissected such that the skin, muscle,
and connective tissues were removed whereas the PC+BR+PO (the peri-
skeletal tissues) were left intact. Prior to culturing, tibiotarsi were labeled
with fluorescent latex microspheres (Lumafluor Corp.) that were placed in
the PC, BR, and PO of the peri-skeletal tissues using a tungsten needle.
Labeled tibiotarsi were grown for 4 days in either CAM culture (see below)
or organ culture. For organ cultures, tibiotarsi were placed on a piece of
Millipore filter (Millipore HTTP4700) supported on a stainless steel mesh
grid (Mesh Grid Co.) in organ culture dishes (Falcon) and were grown in
serum-free Dulbecco's modified Eagle's medium (DMEM) (Gibco) with
penicillin and streptomycin at 37°C in 7% CO2. The medium was changed
daily. Tibiotarsi for CAM culture were prepared similarly as for organ
culture. CAMs were prepared from embryonic day 10 (E10) chicken hosts
as described previously (Zak and Linsenmayer, 1985). For this, the air sac at
the blunt end of the egg was punctured with a needle, and a window sawed
through the eggshell over the CAM vessels. The eggshell fragment was then
removed, a drop of sterile Hank's balanced salt solution (HBSS) was placed
onto the underlying shell membrane and the CAM dropped by exerting
gentle pressure with blunt forceps. This tears the shell membrane, allowing
the HBSS to flow between it and the CAM, thus facilitating their clean
separation from one another. The window was covered with Parafilm and
the eggs were returned to the humidified 37°C incubator (Favorite Incubator,
Leahy Manufacturing Co.) until the tibiotarsi were ready for explantation to
the CAM. Tibiotarsi were explanted to the CAM as follows: Tibiotarsi were
transferred with the aid of a small spatula to a site on a host CAM, which
had been lightly scraped with a scalpel blade. This procedure maximized the
percentage of explants that appeared healthy at the end of the culture period.
Excess fluid was removed with a sterile Pasteur pipet to ensure good contact
between the explant and the CAM. The window was sealed with Parafilm
and the host returned to the incubator. Explants were cultured for up to
4 days.
For explantation of strips of peri-skeletal tissues to the CAM, tibiotarsi
were dissected as described above. To maintain the orientation of the tissue
after its removal from the tibiotarsus, a tungsten needle was used to implant
colloidal carbon particles into the BR at the interface of the PC and PO (i.e.,
overlying the non-mineralized bone collar; Nurminskaya et al., 2003). The
peri-skeletal tissues were then isolated from the ventral side of the tibiotarsus
as a contiguous strip and explanted to the CAM the same way as for whole
tibiotarsi (described above).
For fluorescein labeling of vessels, the vasculature of E12 chicken embryos
was injected with 70 kDa FITC-conjugated dextran (BioChemika). Tibiotarsi
were then dissected from the injected embryo, and under the fluorescent
dissecting microscope the labeled vessels were surgically removed from the
tibiotarsus using fine forceps.
For ablating the vessels on the tibiotarsus during CAM culture, a
microcauterizer (Fine Science Tools) was used to cauterize the largest vessels
at a site along the length of the tibiotarsus nearest the BR. Vessels were
cauterized daily.
Analysis of cultures
Tibiotarsi were photographed either while on the CAM or after removal
from the CAM with a Nikon Coolpix camera attached to a Leica fluorescence
dissecting microscope. Organ cultured tibiotarsi were photographed similarly
after removal from culture. For measuring the distances between the regions
of the peri-skeletal tissues, light and fluorescent images were superimposed
using Adobe Photoshop (version 6.0), and linear measurements were
determined using the ImagePro Software package (Media Cybernetics). The
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using the ImagePro Software package. For each experiment, the average area
and length are presented, along with the error bars that represent the standard
deviation. Student's t tests were performed on all groups.
Whole mount staining
Explants of peri-skeletal tissues were dissected from the CAM after
4 days in culture and whole mount stained. Tissues were rinsed in phosphate-
buffered saline (PBS), placed in 95% ethanol at room temperature over night,
then transferred to acetone and incubated at room temperature over night. The
tissues were then stained with a solution containing 1 volume of 0.1% alizarin
red S (Fisher) in 95% EtOH, 1 volume of acetic acid, 1 volume of 0.3%
Alcian blue 8GS (Sigma) in 70% EtOH, and 17 volumes of 70% EtOH forFig. 1. Photographs of a tibiotarsus and its peri-skeletal tissues (PC, BR, and PO).
indicates the tissue piece that was removed and the arrow indicates the group of blood
removed from the tibiotarsus in (A). The arrowhead indicates the blood vessels of the B
Photographs of a contiguous strip of the peri-skeletal tissues in CAM culture for 4 da
(E) Histological sections of a strip of a similar explant stained with Alcian blue and (
stains with neither.2 days at 37°C and then rinsed twice with PBS and photographed as describe
above.
Histology and immunohistochemistry
Tibiotarsi and peri-skeletal tissues were fixed in fresh 4% paraformaldehyde
(Fisher) for 1–24 h at room temperature. Fixed samples were then dehydrated
through an ethanol series, cleared in Xylenes (Fisher), and embedded in paraffin
(Fisher). Samples were sectioned with a microtome at a thickness of 6 μm and
were placed onto Microfrost slides (Fisher).
To visualize cartilage, slides were deparaffinized and hydrated through
ethanols to distilled water. Slides were then stained in a glass coplin jar in an
Alcian blue solution (1 g Alcian blue 8GS in 100 ml 3% acetic acid, pH 2.5) for
30 min and then washed in running tap water for 2 min. Slides were rinsed in(A) A tibiotarsus dissected from a 12-day chicken embryo. The boxed region
vessels present in the BR. (B) An isolated contiguous strip of peri-skeletal tissues
R tissue. (C) Tibiotarsus in panel A after removal of the peri-skeletal tissues. (D)
ys and then stained with Alcian blue (for cartilage) and alizarin red S (for bone).
F) von Kossa (for bone). The asterisks in panels E and F indicate the BR, which
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Nuclear fast red, 5 g ammonium sulfate in 100 ml dH2O) for 5 min. Slides were
washed in dH2O, dehydrated through ethanols, cleared in xylene and
coverslipped using permount (Fisher). To visualize bone, slides were
deparaffinized and hydrated through ethanols to distilled water. Slides were
then placed in a glass coplin jar with silver nitrate (Sigma) solution (5% w/v in
dH2O) for 30 min to1 h in direct, bright sunshine. Slides were then rinsed
3 times in dH2O, incubated in 5% sodium thiosulfate for 5 min, and washed in
tap water. Slides were then counter stained in Nuclear fast red for 5 min,
washed in dH2O, dehydrated through ethanols, cleared in xylene, and
coverslipped using permount.Fig. 2. Time course of the vascularization of tibiotarsi in CAM culture when the vesse
(A, E) The vasculature of the tibiotarsi to be explanted was visualized by injection wi
vessels (intact) from panel A after 1 (B), 2 (C), and 4 (D) days. (F) The same tibiotar
from panel F after 1 (G), 2 (H), and 4 (I) days. The arrow indicates the position of l
asterisk indicates vessels in the PC derived from those in the BR. The double asterisk
CAM culture.Results
Detection of the border region (BR) between the PC and PO
To study the growth and differentiation of the PC and PO,
and their potential relationships to one another during
development (e.g., does the PC become PO), we explanted
strips of contiguous PC+PO from the tibiotarsus of 12-day
embryos (shown as the box in Fig. 1A and as the dissected stripls in the BR were left intact (A–D) or were removed (E–I) prior to explantation.
th fluorescein-conjugated dextran prior to dissection. (B–D) Tibiotarsus with the
sus from (E) that had the fluorescein labeled vessels removed. (G–I) Tibiotarsus
arge vessels at the BR. The arrowhead indicates the absence of the vessels. The
s indicate the vascularization of the BR when the vessels were removed prior to
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of host embryos. The choice of CAM culture for these
experiments – rather than in vitro organ culture – was
predicated on previous studies showing that (1) endochondral
cartilage rudiments do not progress to the formation of bone in
organ culture but do when explanted to the CAM (Eavey et
al., 1988), and (2) the bony collar of a long bone in organ
culture does not increase in length (Long and Linsenmayer,
1998; Di Nino et al., 2001) but does on the CAM (Maeda and
Noda, 2003). As a morphological point of reference in the
explanted strips of tissue, prior to their removal from the
tibiotarsus, carbon particles were implanted at the interface
between the PC and the PO. These strips were then explanted
to the CAM (CAM culture) and subsequently (four days later)
were examined for the differentiation of cartilage and bone
[determined by whole mount staining with Alcian blue (for
cartilage) and alizarin red S (for bone), respectively, Fig. 1D].
Also, to confirm these identifications as cartilage and bone,
some explants were sectioned and the sections stained for
cartilage (again by Alcian blue, Fig. 1E) and for mineralized
bone (by the von Kossa procedure which, as seen in Fig. 1F,
gives black product).
Following CAM culture of the explants, the region originally
corresponding to the PC now stained for cartilage, as viewed
both in whole mount preparations (Fig. 1D, blue) and when
sectioned (Fig. 1E, blue); the region originally corresponding toFig. 3. (A) Photographs of the fluorescent labels on tibiotarsi used to calculate the gro
to culture (day 0) and post culture (day 4). (B) Bar graph showing the areas of the la
culture (solid bars).the PO stained for bone in whole mount preparations (Fig. 1D,
red) and when sectioned (Fig. 1F, black). In addition, however,
there was a region intervening between the cartilage and bone
that did not stain for either cartilage or bone. In whole mount
preparations this region appeared white (Fig. 1D, BR) (or had a
light pink background staining); in tissue sections again it
stained for neither cartilage nor bone (Figs. 1E and F, asterisks).
By whole mount staining, this region was clearly detected in 9
out of 18 explants; however, its relative width varied. In the
remainder of the explants, this region was not clearly detectable,
most likely due to folding of the tissues of the explant during
growth and/or its sinking down into the CAM— both of which
were observed to occur.
The presence of this intervening region suggests that within a
developing long bone, the PC and the PO do not directly abut
one another but instead are separated by a region that is not
determined as either cartilage or bone — at least by this assay.
We have termed this the border region (BR).
Vascularization of the BR
Upon further examination of freshly dissected, intact
tibiotarsi, we observed that another of the characteristics of
the BR is its preferential vascularization, being supplied by
large vessels (Fig. 1A, arrow) that branch into smaller vessels.
That these vessels are within the tissue of the BR itself – and notwth of the regions of the peri-skeletal tissues (BR, PO, and PC) on tibiotarsi prior
bels in the BR, PO, and PC after 4 days in organ culture (hatched bars) or CAM
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strip of PC+BR+PO which contains the vessels (Fig. 1B,
arrowhead), to the underlying tissues (which consist of a sleeve
of unmineralized preosteoblasts and cartilage) (Nurminskaya et
al., 2003) from which the vessels are absent (Fig. 1C). This
pattern of vascularization can also be seen in histological cross
sections through an intact tibiotarsus at the level of the BR (data
not shown). Henceforth, we will refer to the PC+BR+PO in
toto as the peri-skeletal tissues.
We next sought to examine how the BR of a tibiotarsus
becomes preferentially vascularized. For this analysis we again
employed CAM culture. Several possibilities exist to explain
the apparent preferential vascularization of the BR, which are
(1) the connection of vessels from the CAMwith the preexisting
vessels of the BR, (2) the preferential recruitment of new vessels
from the CAM, or (3) both. To differentiate among these
possibilities, we compared the vascularization of CAM explants
of intact tibiotarsi to ones from which the major blood vessels
had been removed by dissection from the BR prior toFig. 4. (A) Photographs of the fluorescent labels used to calculate the daily growth of t
area of the label in the BR on days 1, 2, 3, and 4 in either organ culture (hatched bars)
BR on days 1, 2, 3, and 4 in either organ culture (hatched bars) or CAM culture (soexplantation. To confirm removal of the blood vessels, the
tibiotarsi were taken from embryos that had been injected with
fluorescein-conjugated dextran and visualized by fluorescence
microscopy and photographed either as left intact (Fig. 2A) or
before (Fig. 2E, arrow) and after (Fig. 2F, arrowhead) dissection
of the vessels. Then the tibiotarsi were explanted to the CAM
and examined over four days.
The explants of tibiotarsi in which the blood vessels were
left intact (see fluorescent image in Fig. 2A), one day after
explantation (Fig. 2B), had revascularized in the same pattern
as existed before explantation (compare Figs. 2A and B,
arrows), with blood already flowing through the vessels. The
results with these intact tibiotarsi, when compared to those
from which the vessels had been removed (described below),
suggest that the vessels from the CAM had anastomosed to the
preexisting vessels of the tibiotarsus. In addition, these
explants had a network of small vessels in the PC adjacent
to the BR (Fig. 2B, asterisk), which at this time had no
detectible flow of blood. By the next day, however, these smallhe BR on tibiotarsi in organ culture and CAM culture. (B) Bar graph showing the
or CAM culture (solid bars). (C) Bar graph showing the length of the label in the
lid bars).
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derived from the major vessels of the BR (Fig. 2C, arrow).
This pattern persisted through the reminder of the four-day
culture period (Fig. 2D).
In explants of tibiotarsi from which the major vessels of the
BR had been removed [compare fluorescent image in Fig. 2E
(arrow) before removal and 2F (arrowhead) after removal], the
pattern of vascularization was clearly different from that just
described for the intact explants. After one day (Fig. 2G), no
explant had large vessels entering the BR, however, 92% still
showed a preferential vascular response in the BR; however, it
was different from that of the intact (Fig. 2G, asterisks) ranging
from small vessels throughout the BR with blood flowing (17%)
to small vessels without blood flowing (25%), to pockets of
pooled blood (50%). By day two (Fig. 2H), the BR of all of the
explants were now vascularized (asterisks) with blood flowing
through large, branching vessels that entered the BR from one
side (33%) or both sides (17%), or with a network of small
vessels (50%), some of which extended upwards into the PC.
During the next two days the vessels of the BR increased in size
while maintaining the same pattern, so that on day four (Fig. 2I)
the BR of most explants (75%) contained a network of large
vessels (asterisks), with the remainder (25%) having a similar
network, but of smaller vessels. All of these vessels also sent
branches into the PC. These results suggest that even in theFig. 5. (A) Photographs of the fluorescent labels used to calculate the growth of the re
the vessels prior to culture (day 0) and post culture (day 4). (B) Bar graph showing the
the vessels (solid bars) or without the vessels (hatched bars) (BR, P<0.05; PO and PC
culture either with the vessels (solid bar) or without the vessels (hatched bar) (withabsence of preexisting vessels, the BR is a region that elicits
preferential angiogenesis.
Vascular involvement in growth of the BR
Because the BR seems to undergo preferential vasculariza-
tion, and because vascularization is known to promote the
growth of another component of a long bone, [i.e., the bony
sleeve (see Introduction)], we examined whether the prefer-
ential vascularization of the BR might be involved in its growth.
To test this possibility, we initially compared the growth of the
BR to that of the PC and the PO in tibiotarsi grown in organ
culture (i.e., without a source of blood vessels) to ones in CAM
culture (i.e., with a source of blood vessels). To measure relative
growth under the two conditions, the BR, PC, and PO were
individually labeled with punctate applications of fluorescent
latex beads (see Materials and methods and see Fig. 3A), which
are taken up by the cells and thus do not diffuse (Katz and
Iarovici, 1990; Katz et al., 1984). Then, at various times in
culture, the positions of the beads were visualized with a
fluorescence dissecting microscope and photographically
recorded for subsequent quantitative analyses.
Preliminary data suggested that after four days in culture
the distance between the PO and the BR and between the BR
and the PC was significantly greater for the tibiotarsi grown ingions of the peri-skeletal tissues (BR, PO, and PC) on tibiotarsi with and without
areas of the labels in the BR, PO, and PC after 4 days in CAM culture either with
, P>0.05). (C) Bar graph showing the length of the BR label after 4 days in CAM
vessels versus without vessels, P<0.05).
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data indicated that vascularization resulted in increased growth
in both regions measured (i.e., between the PO and the BR
and between the BR and the PC). However, because the
common reference point in these measurements was the label
in the BR, the results did not distinguish whether this
increased growth in the CAM cultures reflected growth only
within the BR, or also within the PC and PO. To distinguish
among these possibilities, we measured the increase in area of
the fluorescent labels in each region during the four days of
CAM culture versus organ culture. As can be seen visually by
the changes in size of the fluorescent labels (Fig. 3A), and by
the areas calculated for these (Fig. 3B), the labels within the
PC and PO showed little if any increased growth, whether in
organ culture or CAM culture. The BR, however, showed
appreciable growth even in organ culture, which, in CAM
culture was increased an additional 3-fold (1.16±0.42 mm2
versus 0.3±0.1 mm2) (Fig. 3B).Fig. 6. (A) Tibiotarsi that either had the large vessels at the BR ablated or were no
microcauterization. (B) Bar graph showing the area (left y axis) and length (right y ax
to the non-ablated group (solid bars) (area non-ablated versus ablated, P<0.05; lengWe also determined and compared the kinetics of growth of
the BR in CAM culture and organ culture by measuring daily
the area and length of the fluorescent labels during the four day
culture period. For the growth in area (Figs. 4A and B), in both
culture conditions all of the increase occurred during the first
three days, and again, the growth in CAM culture was
approximately 3-fold greater than in organ culture. Longitudinal
growth, however, occurred throughout the entire four-day
period (Figs. 4A and C), again with the increase being greater in
CAM culture than in organ culture.
If vascularity is at least one parameter involved in stimulating
growth of the BR, then removing/altering the vascularity should
eliminate, or at least alter this effect. To test this, we compared
growth within the different peri-skeletal regions of tibiotarsi in
CAM culture, with and without the major vessels removed.
Removal of the vessels was achieved in two ways: (1) by
dissecting the major vessels from tibiotarsi prior to their
explantation to the CAM (as described earlier and in Fig. 2),t ablated at 2 and 4 days of culture. The asterisk indicates the position of the
is) of the label in the BR in the ablated tibiotarsal group (hatched bars) compared
th non-ablated versus ablated, P<0.05).
Fig. 7. Coordinate growth of the BR and the major blood vessels. Tibiotarsi were
labeled at the BR with red fluorescent beads, explanted to the CAM, and
photographed daily. Fluorescent images were overlayed with light images to
indicate the position of the fluorescent label to that of the vasculature.
Tibiotarsus photographed at days 1 (A), 3 (B), and 4 (C). Note that the blood
vessel progresses distally coordinate with that of the fluorescent label
(demarcated by arrow).
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daily ablating the major vessels by microcauterization. Growth
was evaluated by measuring changes in both the areas and the
lengths of the fluorescent labels (as described above).
As can be seen in Fig. 5, removal of the major
vessels by dissection reduced the growth in area of the
BR by 4-fold (Fig. 5B, 1.6±0.63 mm2 with the vessels
versus 0.44±0.29 mm2 without), and in length by almost
2-fold (Fig. 5C, 1.61±0.28 mm with the vessels versus
0.92±0.17 mm without) after 4 days in culture. Similar to
the lack of increased growth in the PC or PO in CAM culture
compared to organ culture (see Fig. 3B), removal of the major
vessels did not significantly change the area of the labels of the
PC or PO (Fig. 5B).
For the microcautery experiments, after one day in CAM
culture the vessels entering the BR were ablated at a site
proximal to the BR (preventing regrowth of these vessels
required that the ablations be done daily). This resulted in
changes in the pattern of vascularization (Fig. 6A, ablated)
similar to those observed when the vessels were removed by
dissection (see Fig. 2H) (i.e., the large vessels of the BR were
replaced with a network of smaller ones). In these tibiotarsi,
when growth was evaluated by the increased areas of
fluorescent labels put in the different peri-skeletal regions,
after four days in CAM culture ablation of the vasculature
resulted in approximately a 3-fold decrease in growth in the BR
(Fig. 6B, 2.38±0.9 mm2 non-ablated versus 0.78±0.4 mm2
ablated). Similarly, when the lengths of the labels in the BR
were measured, ablation of the vessels at the BR resulted in∼8-
fold decrease in the length (Fig. 6B, 0.93±0.54 mm non-ablated
versus 0.11±0.07 mm ablated). However, no detectible change
was observed in the areas of the PC or the PO, which showed
only slight growth (similar to Fig. 5B) whether or not the
vessels had been ablated (data not shown).
Taken together, the data from both methods of altering blood
vessels are consistent with vascularization being involved in the
extensive growth of the BR.
Lastly, as the BR was the peri-skeletal tissue whose growth
was most affected by vascularization, we examined whether,
during growth of the tibiotarsus, there was a coordinate, distal
progression of this region and its associated vessels. For this, we
labeled the region of the BR near the blood vessels of the
tibiotarsus with fluorescent beads, which was then explanted to
the CAM and monitored daily the distal progression of the
blood vessels and the fluorescent label. As can be seen in Fig. 7,
during the four-day culture period, the fluorescent label and the
blood vessels remained associated with one another, demon-
strating their coordinate growth.
Discussion
During the growth of a long bone, as the cartilage is replaced
by bony tissue, it is generally believed that the overlying PC
becomes PO—with the PC cells differentiating directly into PO
cells. However, the observations we have presented here suggest
the presence of an intervening region (the BR) between the PC
and PO, which questions such a direct conversion. That thisintervening region has not been previously detected most likely
is due to the absence of definitive markers that can identify the
PC and PO. It was only in performing other studies on the
differentiation of these tissues – which required CAM culture –
that we serendipitously detected the intervening BR. During
these studies we explanted strips of tissue that we presumed to
consist only of contiguous PC+PO and as such should have
differentiated respectively as cartilage and bone. These explants,
however, also showed the presence of the intervening BR, which
differentiated as neither of the known tissues. Subsequent
experiments suggested that the BR is also a region of preferential
growth. An additional property of the BR – and one that we have
studied here – is its ability to elicit preferential vascularization,
which in turn seems to be responsible – at least in part – for the
preferential growth of the BR.
Angiogenic properties of the BR
Whereas previous studies have examined the vascularization
of hypertrophic cartilage during the development of a long
bone (Gerber et al., 1999; Zelzer et al., 2002), little work has
been done on the vascularization of the peri-skeletal tissues
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along the length of the PO enter the BR and course across it.
Our results by fluorescence labeling of tibiotarsi in CAM
culture suggest that, during growth, as the BR progresses
distally these blood vessels within the BR concomitantly
progress distally along with it, suggesting highly regulated
coordinate growth of the region and the vessels that supply it.
Therefore, most likely the large blood vessels that lie along the
PO were previously derived from those that entered the BR
upon its earlier, initial vascularization, but this remains to be
examined. Consistent with the BR having a unique pattern of
preferential vascularization, recently Farnum et al. (2006) has
described in the mouse tibia a ring vessel that encircles the
growth plate just deep to the PC at the interface of the
prehypertrophic and hypertrophic cartilage. The position of this
vessel in the mouse tibia closely resembles the vascular pattern
of the BR described here. Whether a BR exists in mouse,
however, remains to be determined.
Further studies suggested that at least one parameter for this
pattern of vascularization is that the BR is preferentially
angiogenic, as compared to the PC and PO. When whole
tibiotarsi were explanted to the CAM, it was the BR that initially
became vascularized. Further studies suggested that under these
experimental conditions this preferential vascularization most
likely occurred by two separate mechanisms. One was through
anastomoses of the preexisting vessels within the BR with those
from the CAM. This was observed when the endogenous
vessels of explanted tibiotarsi were left intact. In these explants,
vascularization occurred rapidly, and the pattern of the vessels
was similar, if not identical, to that of the tibiotarsus before
explantation. Consistent with this possibility, in zebrafish it has
been reported that blood vessels severed during amputation of
the caudal fin reconnect with one another by anastomosis
(Huang et al., 2003).
The other mechanism responsible for vascularization was
preferential angiogenesis, which was observed to occur when
the major vessels of the donor BR were removed before
explantation. In this situation, although the BR still underwent
preferential revascularization, the revascularization was delayed
by 1 day and the newly forming vessels were small and of
uniform size, this is clearly a different pattern than when the
vessels of the donor are left intact, suggesting preferential
angiogenesis.
This preferential vascularization of the BR appeared to reside
within the region itself, as it does not require that the underlying
skeletal tissues (e.g., cartilage, preosteoblast layer, or bone), or
the overlying tissues (e.g., muscle and tendon) be present. When
isolated strips of the contiguous peri-skeletal tissues (i.e., the
PC+BR+PO) were explanted to the CAM, the BR still
underwent preferential vascularization (data not shown).
Because the host vessels were not removed from peri-skeletal
tissues prior to CAM culture, it is most likely that the
vascularization of the peri-skeletal tissues was due to anasto-
moses of the host vessels with the donor vessels similar to that
observed in the intact tibiotarsal explants.
Although these results show preferential angiogenesis of the
BR, we do not know whether this reflects the production ofpositive stimulators of angiogenesis by the BR, inhibitors of
angiogenesis by the PC and PO, or a combination of both types
of regulation. Thus far, preliminary analysis by quantitative RT-
PCR of the expression of stimulators of angiogenesis such as
VEGF, FGF-2, angiogenin, angiopoietin, and PDGF in BR, PC,
and PO tissues determined none of these factors to be
differentially expressed in these tissues (data not shown). In
addition, we cannot say with certainty that prior to removal of
the peri-skeletal tissues, the underlying tissues (i.e., cartilage,
preosteoblast layer, or bone) had not produced regulators that
then diffused into the peri-skeletal tissues and were sequestered
there. However, genetic studies by others (Zelzer et al., 2001)
also suggest the vascularization of the peri-skeletal tissues
occurs independent of that of the underlying hypertrophic
cartilage. In Cbfa1 null mice, the peri-skeletal tissues became
vascularized even though the underlying hypertrophic cartilage
remained avascular.
Although the underlying cartilage may not be responsible for
regulating vascularization of the peri-skeletal tissues, the
converse may be true (i.e., vascularization of the peri-skeletal
tissues may be required for proper vascularization of the
underlying hypertrophic cartilage). We observed that when a
tibiotarsus from which the peri-skeletal tissues had been
removed was cultured on the CAM, a large hemorrhagic mass
of blood accumulated within 48 h over the cartilage at the area
where the BR had been, but this mass never developed into
organized vessels, and instead by one day later had disappeared
(unpublished observations). This apparent aborted attempt at
vascularization suggests that the peri-skeletal tissues are
necessary to regulate/support vascularization of the underlying
cartilage. Consistent with this, Fenwick et al. (1997) also
observed that embryonic chicken cartilage rudiments explanted
to the CAM only vascularized when the PO was left intact, and
Colnot et al. (2004) observed that when cartilage rudiments
(from mouse embryos) had their PC removed prior to
explantation under the renal capsule, these did not vascularize
properly. Therefore, it seems that the peri-skeletal tissues are
required for development of a normal vascular pattern of a long
bone rudiment.
Growth properties of the peri-skeletal tissues
Other of our results suggest that one role for vascularization
of the BR is stimulation of growth. As an assay we used the
increase in areas and lengths of labels of fluorescent beads
placed in the PC, BR, and PO of tibiotarsi cultured on the CAM
versus in vitro. All of the results indicated that the increased
growth upon vascularization occurred in the BR, with no
appreciable growth occurring in the PC or PO under either
condition. When we subsequently calculated what proportion of
the increased distance between the PC and PO was due to the
growth within the BR, this was ∼72% in CAM culture and
∼50% in organ culture (data not shown). These values,
however, are likely to represent an underestimation, as, in
addition to the BR, they include portions of the PC and PO,
which by the other measurements showed little growth. Because
the increase in distances between the PC and PO were not
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(data not shown) but the increased length of the BR was greater
on the CAM suggests that the remaining 50% of the increased
distance between the PC and PO in organ culture is due to some
other factor, possibly changes in cell shape or volume or
thinning of the peri-skeletal tissues. This remains to be
determined.
That vascularization is involved in the growth of the BR was
also suggested by decreases in the areas and the lengths of the
labels within the BR when the major vessels were removed
[either by dissection (prior to explantation to the CAM) or by
ablation by microcautery (during CAM culture)]. Likewise, this
was also reflected by the decreases observed between the labels
in the PC and PO resulting from a decrease in the length of the
label in the BR during the culture period (data not shown).
Although the decreases in areas of the labels within the BR were
similar when the vessels were removed by dissection compared
to ablation (4-fold and 3-fold, respectively), the decreases in
lengths of the labels were much greater when the vessels were
ablated than when they were dissected (8-fold and 2-fold,
respectively). This suggests that microcautery was more
effective at overall blood vessel removal than dissection,
which is also apparent by visual inspection of the tibiotarsi
(compare Figs. 2G–I with Fig. 6A, ablated). These values are in
agreement with those observed for the area and length of the
labels within the BR in CAM culture versus organ culture (as
described above), which were 3- and 1.5-fold higher, respec-
tively, which further substantiate that vascularization is required
for the growth of the BR.
When we examined the daily growth within the BR in organ
culture versus CAM culture, we observed that under both
culture conditions the area of the label within the BR increased
between days 2 and 3 and then stopped, whereas the length of
the label showed a continuous incremental increase over all four
days. The cessation of increased growth in the total area of the
label, while its continuation in longitudinal growth, suggests
that increases in circumference by appositional growth (which
would contribute to the total area) and growth in length are
under separate regulation. Whether this involves increases in
cell division, changes in cellular volumes, or changes in cell
shape remains to be determined.
Developmentally, we do not yet know the derivation of the
BR, but at least two possibilities exist. One is that it forms as a
self-contained entity — possibly from which both the PC and
PO arise. The other is that it is an “intermediate” tissue that is
derived from PC cells that undergo “dedifferentiation” before
redifferentiating as PO cells. Our labeling experiments suggest
the former. We have observed that as the bone grows in length,
the BR seems to advance as an independent entity, as suggested
by the coordinate growth and distal progression of a label
placed within the BR and the large blood vessels that supply it.
Definitive evidence for this, however, will require identification
of a cellular marker(s) that distinguishes the BR from the PC
and PO, and we have not yet found such a marker.
The studies presented here, when taken together, support the
existence of a previously undetected region within the peri-
skeletal tissues and question the widely held assumption that PCcells give rise directly to PO cells. The BR, unlike the flanking
PC and PO, is neither chondrogenic nor osteogenic, is highly
angiogenic, and is a region of preferential growth. This
observation raises a number of questions which we are currently
investigating, such as (1) the developmental origin of the BR
and whether this precedes the appearance of the PC and PO, and
(2) how the appearance of the BR relates to the onset of events
in the underlying skeletal tissues (e.g., cartilage hypertrophy,
periosteal bone formation, and vascularization).
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